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The success of sequestration-based remediation strategies
will depend on detailed information, including the predominant
U species present as sources before biostimulation and the
products produced during and after in situ biostimulation. We
used X-ray absorption spectroscopy to determine the valence
state and chemical speciation of U in sediment samples collected
at a variety of depths through the contaminant plume at the
Field Research Center at Oak Ridge, TN, before and after
approximately 400 days of in situ biostimulation, as well as in
duplicate bioreduced sediments after 363 days of resting
conditions. The results indicate that U(VI) in subsurface sediments
was partially reduced to 10–40% U(IV) during biostimulation.
After biostimulation, U was no longer bound to carbon ligands
and was adsorbed to Fe/Mn minerals. Reduction of U(VI) to
U(IV) continued in sediment samples stored under anaerobic
condition at <4 °C for 12 months, with the fraction of U(IV) in
sediments more than doubling and U concentrations in the
aqueous phase decreasing from 0.5-0.74 to <0.1 µM. A shift
of uranyl species from uranyl bound to phosphorus ligands
to uranyl bound to carbon ligands and the formation of
nanoparticulate uraninite occurred in the sediment samples
during storage.

Introduction
Nuclear weapons production resulted in the storage of vast
quantities of nuclear waste at former U.S. weapons complex
sites. Many of these storage areas have generated large

subsurface contaminant plumes of U, Tc, and/or Cr, along
with extreme ionic strength and pH values. Current reme-
diation strategies for large subsurface plumes of U and other
heavy metals focus on sequestration of the contaminants
within the subsurface by reducing U(VI) to U(IV). Isolated
cultures in laboratory studies have identified indigenous
dissimilatory metal-reducing bacteria that can rapidly remove
aqueous U(VI) through the formation of poorly crystalline
U(IV) oxide precipitates (1, 2) and sulfate-reducing bacteria
(SRB) that are capable of removing U(VI) from solution (3–8).
In two of these studies, uraninite as a product of sulfate-
reducting conditions was identified through TEM images
(5, 6). Field experiments to test in situ bioreduction of U
identified a decrease of aqueous U(VI) but did not charac-
terize the sediment-phase U species (3, 9–11), whereas
another study verified the presence of some solid-phase U(IV)
(12). Enrichment of field site materials in laboratory studies
has also verified a decrease in U(VI) aqueous concentrations
(13, 14), and in several instances solid-phase U(IV) has been
confirmed (15–19), but few studies have characterized the
U(IV) species. In some systems, U(VI) has been shown to
persist in the solid phases during microbial reduction
(5, 15, 19, 20).

Hexavalent U can also be reduced to tetravalent U through
abiotic processes that may or may not be associated with
microbial activities. In the presence of low carbonate
concentration, sulfide, which is the end product of sulfate
reduction by SRB, reduces U(VI) hydroxyl species to U(IV)
as uraninite particles (21). Mixed Fe(II)-Fe(III) oxyhydroxides
in the form of green rusts found in suboxic environments
have also been shown to reduce U(VI) via the formation of
U(IV) oxide nanoparticles (22). Fe(II) associated with sur-
rogate cell wall components has also been shown to reduce
U(VI) (23).

The success of sequestration-based remediation strategies
will depend on detailed information, including the major U
sources within the sediments throughout a contaminated
volume containing a heterogeneous mixture of sediment and
aqueous phases. X-ray absorption fine structure (XAFS)
spectroscopy is ideally suited for these types of investigations,
as measurements can be made on unaltered sediments under
anoxic conditions.

A pilot-scale in situ study of U bioremediation/im-
mobilization has been conducted since August 2003 at the
high U-contaminated Field Research Center at Oak Ridge,
TN (12, 24). U(VI) was partially reduced through biostimu-
lation of microbial activity by the addition of ethanol as
electron donor to the subsurface (12). In this study, we used
XAFS spectroscopy to determine the valence state and
chemical speciation of U in the sediment samples collected
before biostimulation and after approximately 400 days of
biostimulation. The results provide unique information on
the shift of chemical speciation of U throughout the plume
during biostimulation. We also demonstrate continued U(VI)
reduction and U species transformations in sediment samples
stored under anoxic conditions at temperature <4 °C.

Materials and Methods
Site Description. The Field Research Center (FRC) field site
is adjacent to the former S-3 Ponds at the Y-12 National
Security Complex, Oak Ridge, TN. These ponds were 121 m
by 121 m by 5 m deep and received 10 ML of waste per year
in 1951–1983, including NO3

-, U, 99Tc, and other metals at
pH < 2.0 (25). Though subsequently covered with an asphalt
parking lot, the ponds have created a U plume with sediment
U concentrations up to 800 mg kg-1 (26). The in situ
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biostimulation wells include the injection well FW104 for
ethanol delivery and multilevel sampling wells (MLSs) FW100,
and FW101 to monitor the performance of the bioremedia-
tion. A brief summary of the in situ biostimulation project
is given in the Supporting Information, Section S1.

Sample Collection and Preparation. Sediment samples
are summarized in Table 1. Prior to field tests (November
2001), four core sediment samples were taken under
suboxic conditions as described elsewhere (27) during
drilling of FW100 and FW101. The sediment sample
(FWB101–08–12) from FW101 at 12.2 m had a brownish
color. The core sample (FWB100–06–03) was collected from
near the bottom of FW100 at 13.7 m and had a greenish-
graycolor.SamplesfromFW100at14.0mareFWB100–06–12A
and replicate FWB100–06–12G (both blackish). We selected
these samples for study because they contained high levels
of U (730 mg/kg in FWB100–06–12A/G, 164 mg/kg in
FWB100–06–03, and 156 mg/kg in FRB101–08–12) and were
located in the target region to be tested for bioremediation
(24). A brief description of the sediment mineralogy is
given in the Supporting Information, Section S2.

Because of the technical difficulty of taking core samples at
locations where previous cores have been taken, sediment
samples were retrieved during biostimulation from inner-loop
injection well FW104 and MLS well FW101 by using a surge
block to extract sediment samples from the matrix surrounding
the well screen at the locations of the core samples (24). The
sample from FW104 was taken on February 8, 2005 (operational
day 535), at 12.2 m (FW104). The other two samples were
collected from MLS well FW101 on March 3, 2005 (operational
day 559), at 12.2 (FW101–3) and 13.7 m (FW101–2). We did not
take samples from FW100, because there was no microbial
reduction activity in that MLS at that time, as evidenced by the
aqueous chemistry within the wells. In this manuscript, the
sediment samples are given names beginning with “MLS0,”
“MLS1,” or “INJECT” to indicate FW100, FW101, or FW104,
respectively. The initial string is followed by “-14,” “-13.7,” or
“-12.2” to denote the depth in meters from which the sample
was collected, then by “-B” to denote core samples collected
before bioremediation, “-D” to denote surged samples collected
during bioremediation, or “-A” to denote duplicates of the
surged samples collected during bioremediation after storage
for approximately one year. The replicate samples at 14.0 m are
distinguished by an additional “A” or “G” for samples
FWB100–06–12A or FWB100–06–12G, respectively. These sample
names are summarized in Table 1.

Measurement Methods. The Supporting Information
contains the description of the analytical methods for deter-

mining groundwater anions and cations, Fe(II), and U con-
centrations (the Supporting Information, Section 3), a descrip-
tion of the surged samples containing groundwater and
sediments stored under inert atmosphere (Supporting Infor-
mation, Section 4), the MRCAT beamline parameters used for
the X-ray beamline setup and XAFS data collection (Supporting
Information, Section 5), the XANES analysis methods by linear
combination fitting and by the number of axial oxygen atoms
of the uranyl (Supporting Information, Section 6), the general
EXAFS methods (Supporting Information, Section 7), and the
details of the EXAFS models including the paths and constraints
(Supporting Information, Section 8).

Results and Discussion
Groundwater Geochemistry. The geochemical properties
of groundwater in injection well FW104 and monitoring well
FW101 before biostimulation, during biostimulation, and
after a year of storage are summarized in Table S1 of the
Supporting Information. Details of changes in aqueous
chemistry during biostimulation are given elsewhere (12, 24).
Briefly, nitrate concentrations decreased from 113-208 to
∼0.04 mM (Table S1 of the Supporting Information) by in
situ denitrification (24). During preconditioning, U concen-
tration was reduced from approximately 150 to 3 µM by clean-
water flushing, then reduced to 0.74 µM or less during ethanol
injection to stimulate microbial activity (Table S1 of the
Supporting Information). The sulfide concentration increased
from below detection limits to 0.01–0.1 mM in MLS during
ethanol injection.

The surged sediment sample INJECT-12.2-D was black,
and samples from MLS1–12.2-D and MLS1–13.7-D were tan
colored. The process of surging the wells during biostimu-
lation resulted in varying colors within the extracted sedi-
ments depending on the duration between surging proce-
dures and the amendments. Samples surged on day 535 from
FW101–2 were greenish (12), whereas the samples for this
study surged on day 559 were tan colored. The U concentra-
tion within the sediment samples MLS1–13.7-D, MLS1–12.2-
D, and INJECT-12.2-D were 0.96, 1.02, and 2.28 g/kg of dry
solids, respectively. The higher U content in INJECT-12.2-D
samples than in MLS1-D samples reflects greater accumula-
tion of U near the injection well.

One of the three serum bottles (INJECT-12.2-D/A) showed
an increase in total aqueous Fe concentration from 0.01 mM
during biostimulation to 0.10 mM after a year of storage with
0.04 mM aqueous Fe(II) after storage (Table S1 of the
Supporting Information). The aqueous phases within the
other two MLS1 serum bottles showed a decrease or little

TABLE 1. Samples from the Y-12 National Security Complex, Oak Ridge, TN, Used in This Studya

name location sample
date collected

from field
date of EXAFS
data collection depth (m)

color when EXAFS
data collected

Core Sediments Collected before Biostimulation
MLS0–14A-B

FW100
FWB100–06–12A Nov 2001

9 March 2003

14.0 blackish
MLS0–14G-B FWB100–06–12G (replicate) Nov 2001 14.0 blackish
MLS0–13.7-B FWB100–06–03 Nov 2001 13.7 greenish gray
MLS1–12.2-B FW101 FWB101–08–12 Nov 2001 12.2 brownish

Surged Sediments within Serum Bottle Containing Groundwater and Solid Phases Collected during Biostimulation Each
with Duplicate Serum Bottle

MLS1–13.7-D FW101 FW101–2 3 March 2005 (day 559)
23 March 2005

13.7 tan
MLS1–12.2-D FW101–3 3 March 2005 (day 559) 12.2 tan
INJECT-12.2-D FW104 FW104 8 Feb 2005 (day 535) 12.2 black

Duplicate Serum Bottles of Surged Sediments Stored <4 °C for Approximately 1 Year
MLS1–13.7-A FW101 FW101–2 3 March 2005 (day 559)

20 March 2006
13.7 dark green

MLS1–12.2-A FW101–3 3 March 2005 (day 559) 12.2 dark green
INJECT-12.2-A FW104 FW104 8 Feb 2005 (day 535) 12.2 black

a Pilot-scale in situ bioremediation/immobilization of U began on 24 Aug 2003 (day 1) with preconditioning.
Biostimulation through ethanol injection began on 7 Jan 2004 (day 137).
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change in the total Fe concentration from during biostimu-
lation compared to after a year of storage. Aqueous phase
sulfate concentrations within all serum bottles decreased
from 0.2-0.4 mM to 0.004–0.02 mM after a year of storage
(Table S1 of the Supporting Information).

During storage at <4 °C, the aqueous U concentration
dropped from 0.5-0.7 µM during biostimulation to 0.02–0.1
µM (Table S1 of the Supporting Information), well below the
maximum contaminant level (MCL) for drinking water
promulgated by the U.S. Environmental Protection Agency
(U.S. EPA), indicating that, within this closed system, aqueous
U reduction/immobilization can occur even at low temper-
atures under anoxic conditions. On the basis of the decrease
in aqueous [U] during storage, the solid-phase [U] is expected
to increase by only 0.03 mg/kg dry solids.

Average U Valence State within Sediments. Before
biostimulation, the U LIII-edge XANES spectra from the
MLS1–12.2-B, MLS0–13.7-B, and MLS0–14A/G-B sediment
samples collected in March 2002 indicate 100 ( 10% U(VI)
(Figure S3 of the Supporting Information). This indicates
no reduced U in the target treatment area before bio-
stimulation, although sample MLS0–13.7-B and replicate
samples MLS0–14A/G-B had greenish-gray and blackish
colors, respectively.

Sediment samples collected after approximately 400 days
of biostimulation indicate approximately 92 ( 10, 85 ( 10,
and 57(10% U(VI), with the remainder as U(IV), in sediments
samples MLS1–13.7-D, MLS1–12.2-D, and INJECT-12.2-D,
respectively (Table S2 of the Supporting Information). This
result confirms that reduction of U(VI) occurred not only
near injection well FW104, but also around monitoring well
FW101. No unique U(IV) phase could be detected in the
FW101 spectra, probably because of the poor data quality
and the small percentage of the U(IV) phase (8–23% ( 10%).
Previous XANES studies (12) of a sediment sample taken
from FW101–2 on day 535 found more reduced U [65% U(IV)]
in the greenish sediments, whereas our tan colored sediments
taken on day 559 contained only 8% U(IV). The large
differences between the surged samples could be caused by
variability in the rate and extent of surging in the well. The
abundant reduced U(IV) surged on day 535 could have
accumulated on the surface of sediment matrix until it was
removed by the surging operation on that day.

The U L3-edge XANES spectra for sediments collected after
biostimulation and stored for approximately one year at<4 °C
indicate approximately 66 ( 10%, 68 ( 10%, and 35 ( 10%
U(VI), with the remainder as U(IV), in the sediment samples
MLS1–13.7-A, MLS1–12.2-A, and INJECT-12.2-A, respectively
(Table S2 of the Supporting Information). These results confirm
that reduction of U(VI) continued in the refrigerator under
anoxic conditions. The fractions of Oax atoms, measured
independently on the basis of EXAFS spectra are consistent
with the results from linear-combination fitting of the XANES
spectrum (Table S2 of the Supporting Information).

Uranyl Species. Figures 1-3 summarizes the U L3-edge
EXAFS spectra and the predominant U species for the samples
collected before and during biostimulation, as well as the
duplicate samples collected during biostimulation and stored
under anoxic conditions for approximately one year. These
Figures show the EXAFS fitting results for the coordination
numbers and distances for each ligand type. The analysis of the
EXAFS spectra for samples collected before biostimulation
(MLS1–12.2-B and MLS0–14A-B) (panels A and C in Figure 1)
indicates that uranyl is predominantly bound to monodentate
phosphorus and bidentate carbon ligands. The EXAFS results
are consistent with uranyl bound to the surface of a mineral
(28, 29) or a ligand from organic matter (30–32), rather than the
formation of uranyl precipitates. In contrast, the EXAFS spectra
analysis for sediment sample MLS0–13.7-B (Figure 1B) shows
a small amount of a uranyl-oxide-like structure (18 ( 13%), in

addition to some C-containing ligands. No P-containing ligands
bound to uranyl were needed to model the EXAFS spectra from
the MLS0–13.7-B sediment.

A previous study identified uranium phosphates as
discrete precipitates having characteristics similar to those

FIGURE 1. Real part of the Fourier transform of the U LIII-edge
EXAFS spectrum (open symbols) and the EXAFS model (green
line), with the components of the model offset under the EXAFS
spectrum. The major U species are depicted next to each
spectrum. The data shown are for sediment samples before
biostimulation: (A) MLS1–12.2-B, (B) MLS0–13.7-B, and (C)
MLS0–14A-B.
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of the autunite and meta-autunite groups in samples from
FWB103 at the 12.2 and 12.8 m depths (33). However, XRD
of samples from those depths failed to identify uranium
phosphates, perhaps because concentrations of the U-P
minerals were below detection limits (26). Uranium

phosphate complexes on mineral grains are likely, because
uranium and phosphate are products of previous waste
disposal at the S-3 ponds site (25). Uranium carbonates
were also identified in samples from this study. The
carbonates are from the calcium carbonate-rich bedrock
at the site, particularly at depths below about 14 m (26).

No C-containing ligands were detected in the EXAFS
spectra for sediment samples collected during biostimu-
lation from wells FW104 and FW101 (Figure 2). Sediments

FIGURE 2. Real part of the Fourier transform of the U LIII-edge
EXAFS spectrum (open symbols) and the EXAFS model (green
line), with the components of the model offset under the EXAFS
spectrum. The major U species are depicted next to each
spectrum. The data shown are for samples during biostimulation:
(A) INJECT-12.2-D, (B) MLS1–12.2-D, and (C) MLS1–13.7-D.

FIGURE 3. Real part of the Fourier transform of the U LIII-edge
EXAFS spectrum (open symbols) and the EXAFS model (green
line), with the components of the model offset under the EXAFS
spectrum. The major U species are depicted next to each
spectrum. The data shown are for the same samples as in
Figure 2 after storage at <4 °C: (A) INJECT-12.2-A, (B) MLS1–
13.7-A, and (C) MLS1–12.2-A.
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MLS1–13.7-D and MLS1–12.2-D indicate the dominance
of uranium bound to P-containing ligands (panels B and
C in Figure 2). In contrast, the sample taken from INJECT-
12.2-D showed ∼60% of the U as a uranyl-oxide-like phase
and ∼40% as U(IV) associated with Fe/Mn atoms (Figure
2A). After the sediments collected during biostimulation
were stored in serum bottles at 4 °C for 12-13 months, the
uranyl carbonate species was again detected as the
dominant uranium species (Figure 3). All three stored
samples showed an increase in the total percentage of
U(IV) (Table S2 of the Supporting Information), and two
samples showed significant uraninite species (Figure 3).
The mechanism responsible for these changes in U
speciation is unclear, but it is likely related to continuous
U(VI) reduction under anaerobic conditions in the closed
system where the fine sediment particles are in contact
with groundwater. On the basis of the postbiostimulation
results, an attempt was made to use the U-Fe signal to
model these spectra. The amplitude of this signal was above
background only for sample INJECT-12.2-A. Detailed
discussions of our EXAFS results are given in the Supporting
Information, Section 9.

Biostimulation and Uranium Phosphate Species. Two
of the three prebiostimulation sediment samples can be
modeled with a significant U-P signal (Figure 1). Two of
the three sediment samples collected during biostimulation
again showed a U-P signal (Figure 2). These results suggest
that the uranyl phosphate phase was resistant to biore-
duction during the subsurface treatment applied in this
study (12). Interestingly, after the sediments were stored
at 4 °C for one year, U-P signals were not detected in
measured spectra (Figure 3), indicating that under condi-
tions present during storage the U-P species can be
transformed.

Biostimulation and Uranium Carbonate Species. Sedi-
ment samples collected before biostimulation were char-
acterized by a strong U-C EXAFS signal. The number of C
atoms bound to the uranyl species before biostimulation
ranged from 0.5 to 1.7 (Figure 1). The existence of a uranyl
carbonate species is supported by its removal during
biostimulation, because no U-C signal was detected in the
sediments collected during biostimulation (Figure 2).
Because of its greater solubility, uranyl carbonate species
might have been more easily reduced than uranyl phos-
phorus species. After a year in storage, all three bioreduced
samples showed a significant U-C signal but no U-P signal
(Figure 3). The source of the carbon forming the complex
with U could be aqueous bicarbonate (∼3 mM) that has
adsorbed to solid phase (34) or carboxyl groups associated
with biomass (30–32). In contrast to the sediment matrix
in the subsurface, the sediment samples stored in serum
bottles were in slurry form with good contact between
solid and aqueous phases.

Reduced Uranium Species. The U(IV) mineral uraninite
was expected to be present in the sediment samples collected
during biostimulation. Previous laboratory studies showed
the EXAFS technique to be capable of identifying nanopar-
ticulate uraninite as the product of biostimulation (18), as
well as a product of reduction by mixed Fe(II)/Fe(III)
oxyhydroxides (22). However, in the present study, EXAFS
models based on the uraninite structure failed to reproduce
the measured spectra from the sediments collected during
biostimulation. Instead of uraninite, the EXAFS spectra
support U(IV) in association with Fe/Mn (Figure 2). The
adsorption of U(IV) to Fe and/or Mn oxide coatings is
supported by the previous identification of these coatings
within these sediments (26). Both biotic and abiotic reduction
of U(VI) to U(IV) has been shown to produce uraninite
nanoparticles in simplified laboratory systems (18, 22),
whereas more complex systems have yielded other U(IV)

species (23) or incomplete U(VI) reduction (20). In a simplified
laboratory study, U(VI) reduction by Fe(II) yielded a U(IV)-Fe
complex (23) with the U(IV)-Fe distance of the common
bidentate coordination, unlike our proposed monodentate
coordination (see the Supporting Information, Section 9.5).
These studies illustrate the complexity of the redox chemistry
of U in natural systems.

Impact of Storage. After a year of storage, the percentage
of U(IV) in the solid phase increased from 38-43 to 63–65%
for sample INJECT-12.2-D to INJECT-12.2-A, 8–11 to 44–50%
for sample MLS1–13.7-D to MLS1–13.7-A, and 15–23 to
42–50% for sample MLS1–12.2-D to MLS1–12.2-A (Table S2
of the Supporting Information) and two of the three samples
showed evidence of uraninite after storage (Figure 3). The
groundwater chemistry is similar before and after a year of
storage (Table S1 of the Supporting Information). The most
notable change is a decrease in the concentration of aqueous
sulfate and uranium. We do not have additional information
to directly connect the biogeochemical processes causing
the decrease in aqueous sulfate and the decrease in aqueous
uranium. These results demonstrate that reduction of U(VI)
to U(IV) can continue even at temperature <4 °C.

Implications for Bioremediation. The continuation of
abiotic/biotic processes within the stored sediments and
their effect of decreasing aqueous U concentrations to
levels less than the U.S. EPA MCL may be a promising
result for in situ bioremediation strategies. The connection
between results for (1) our closed porous system containing
fine particulate sediments in contact with groundwater
and (2) the open in situ system in the field containing
weathered saprolite dominated by preferential ground-
water flow paths is uncertain. However, our observed U
transformations may be facilitated by mass transfer within
the closed system that could be overcome by additional
time in the open system. Indeed, recently collected
sediments from the open in situ system have confirmed
many of the U transformations found in our closed system
(data not shown), indicating that mass transfer effects could
be partially responsible for the longer time needed to affect
the in situ system.

An understanding of the biogeochemical processes that
give rise to changes in the speciation of U as a result of natural
attenuation or biostimulation approaches is necessary for
making informed decisions concerning remediation and
long-term stewardship strategies at contaminated sites.
Results from these biostimulation experiments (13) dem-
onstrate that in situ biostimulation of subsurface material
can facilitate the removal of U from groundwater to the solid
phase via reductive precipitation and/or sorption processes.
The results also demonstrate that homogenization of sub-
surface material may facilitate more extensive reduction and
a shift in the partitioning of the speciation of U, possibly
because of enhanced interaction between groundwater and
solid-phase surfaces due to increased surface area. These
results provide some insight into the importance of hetero-
geneities and mass transfer rates through the subsurface and
their role in controlling the chemical speciation of contami-
nant metals and radionuclides. Specifically, these results
suggest that extended amounts of time (i.e., years) may be
needed before the vast majority of U-contaminated sub-
surface materials can be reduced in situ. Even though
significant decreases in aqueous U occurred in situ within
400 days of biostimulation, the formation of uraninite was
not detected in the samples collected from the field. Uraninite
was detected in two of the three duplicate sediment samples
after a year of storage. Thus, monitoring the speciation of U
associated with solid-phase subsurface materials for extended
periods of time (i.e., years) after biostimulation may be
necessary. Clearly, additional studies are needed to improve
understanding of these complicated in situ processes.
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